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[57] ABSTRACT 

A device for reading and recording magnetic data includes 
an aerodynamically supported slider with an air bearing 
surface, and a transducer mounted to the slider for move- 
ment toward and away from the air bearing surface respon- 
sive to changes in the slider operating temperature. In one 
embodiment, the transducer movement is primarily due to a 
difference in thermal expansion coefficients between a trans- 
ducing region of the slider incorporating the transducer, and 
the remainder of the slider body. In another embodiment, a 
strip of thermally expansive material is incorporated into the 
slider near the transducer to contribute to the displacement 
by its own expansion. A temperature control circuit, coupled 
to the strip of thermally expansive material or to a resistance 
heating element on the slider, employs a variable current 
•source to control the slider temperature and transducer 
displacement. Nominal slider operating temperatures can be 
set to achieve a predetermined transducer flying height, to 
compensate for variations in flying heights among batch 
fabricated sliders. Optionally, a temperature sensor can be 
employed to measure the slider operating temperatures and 
provide a temperature sensitive input to the temperature 
control circuit. 

33 Claims, 8 Drawing Sheets 
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SLIDER WITH TEMPERATURE coefficients expand more in response to a given temperature 

RESPONSIVE TRANSDUCER POSITIONING increase. When materials having different thermal expansion 

coefficients are contiguous and integral, their differing 

BACKGROUND OF THE INVENTION expansion when heated leads to elastic deformations and 

m ... , . . , 5 elastic restoring forces in both of the materials. Reduced 

The present invention relates to data storage devices that fl . increase ^ ^ tQ ^ thermal sion 

employ aerodynamically supported transducing sliders for and induced ^stic deformation into account, 
reading and recording magnetic data, and more particularly _ . . . <- , , , .. . 
to structure and circuitry for controlling the flying heights of ° ne P"* 0 ** of a s , hd f woul( ! <hsk 
magnetic data transducers carried by such sliders. in * urfa f- ***** m01 * ^ a head/disk spacing 
. , . .... 10 based on a peak roughness of the disk surface. Any improve- 
In typtcal magnetic data storage devices, magnetic disks ment in sctU the transducer/recording surface gap, 
with flat recording surfaces are mounted rotatably and however, would be at the cost of excessive wear to the slider, 
magnetic data transducing heads are positioned in close media recording surfaca or ^ 

proximity to the recording surfaces, each head movable « . , A .. 4 , , . . ^. ... 

r „ .... ... ° . . . . . . T Sev eral patents discuss the use of piezoelectric material in 

generally radially with respect to its associated disk In 15 ... ^ ^. v . ~ _ r . „ . , 

. ' / . # , . . . , , . . u . a slider, to adjust the position of a transducer mounted to the 

higher capacity devices, the disks are rotated at high speeds ... „ J . ; T c _ ^ XT c M . /r - , 

. . . . . - u slider. For example. U.S. Pat. No. 5,021,906 (Chang et al) 

to create an air cushion or bearing that supports each ... ^ . . . . ... 

, . . . ^ „ . .. , & , . „ . discloses a programmable an* bearing slider with a deform- 

transdu cine head at a controlled distance from its associated ■ . - ■ . .* 

. ■ " t, 4 , . . able piezoelectric region between leading edge and trailing 

recording sun ace. The transducing heads contact their asso- , r . ° r . 

ciated disks only when the disks are either stationery. 20 ed f ™»™*. ™* M™™* regiM is controlled electa- 

. . r t . | • ^ i * * cally to change the angle between the leading and trailing 

accelerating from a stop, or decelerating to a complete stop. - . L . « ^ 

regions, thus to change the position of a transducer mounted 

Designers of magnetic disks continually strive to increase t0 me trailing region. 

the density at which the magnetic data can be stored. One TT c -> + XT A oc ~ oin/n u , n 

. . . . . 4 . . , . U.S. Pat. No. 4.853,810 (Pohletal) concerns a magneUc 

factor that limits storage densities is the transducing head . .. u ^ • ■ u ^ i • i * • i 

^. L . LAJ . fr _, ,5 transducing head including a body and a piezoelectric layer 

flying height. As discrete data storage areas are placed more 25 * u j m. • i i • i_i * 

/ x * 4l _ _ . & . . F . adjacent the body. The piezoelectric layer is operable to 

closely to one another, the transducer must be positioned -V . . Al i. . u j • *. i 

, . _, . . *T . control the head/disk gap, based on sensing a tunnel current 

more closely to the recording surface to distinguish between _ . . .. ? . . . 

J ¥ & j -t^j across the gap between the recording surface and a tunnel 

adjacent storage areas. In recent year, transducing head . . . . . . & 

a • u • u* Z u ^ a 1 ii * *u electrode on the slider, 

flying heights have been decreased from levels greater than _ _ 

about 10 microinches, to levels of less than about 4 30 U * S ' Pat * No * 4.605.977 (Matthews), a cantdevered 

microinches. largely due to improved techniques for reduc- beam mounted t0 a sUder su PP orts a magnetic transducer at 

ing media surface roughness. Further reductions in flying lts free end ^ ^ includes a flexible vein and P iezo " 

height are enabled by a super smooth polishing of media elec ^ c transducers on opposite sides of the vein, used in 

surfaces in data recording areas while also providing an combination with a piezoelectric driver to adjust the position 

adjacent head contact zone, textured to avoid stiction prob- 35 of ^ "^g 11 ^ 0 transducer. 

lems. An example of this approach is shown in U.S. Pat. No. ^ piezoelectric sliders are difficult to fabricate. Large 
5,062.021, (Ranjan et al) assigned to the assignee of this activation voltages are required for piezoelectrically 
application. deforming materials a sufficient aLmount to control the 
There are several factors that limit the reduction in slider P° sition - Kezoelecttic deformation schemes can 
flying height. These fectors might reasonably be ignored at 40 ^ thermal expansions and elastic deformations into 
flying heights of about 10 microinches. but would become ac u coun f f cannot be employed to limit or 
major concerns at flying heights on the order of 1-2 micro- otherwise influence * ese P he ™™™- 
inches. These include variations in the sliders themselves. Therefore, it is an object of the present invention to 
variations in the structure that supports the sliders, and provide a magnetic transducing slider incorporating non- 
media surface roughness 45 piezoelectric means to control the flying height of a mag- 

More particularly, normal tolerances in slider fabrication " etic S™^ ^ ^ ^ inde P endentl y of 

i a * f ^ i • *u i-j • flying height of the slider, 

lead to structural variations among the sliders in any given J ° & 

batch. Consequently, thie flying heights of sliders in the Another object of the invention is to mount a magnetic 

batch are distributed over a range, although the flying height transducer to an air bearing slider body in a manner that 

of each slider individually is substantially constant. 50 enables controllably adjusting the transducer position rela- 

, 7 . . . ^ . . tive to the slider body by controlling an operating tempera- 

Variations in supporting structure occur primarily in the . \ a 

_ 1 ^ . . . ture of the slider. 

transducer support arm. the suspension or gimballing 4 . , _ . „ . . 

structure. sUder geometry and load arm. These variations A ob J ect L ls to P ro ^ ■ data transducing 

influence the flying height, and the nature of a given slider's „ aPP™ ^h positionable adjustments of a magnetic 

reaction to any disturbances, e.g. due to shock or vibration. 55 ^nsducer relative to a slider body carrying the transducer. 

_ , , , c are controlled at least in part responsive to sensing slider 

Disk roughness also becomes more of a problem at lower temperature 

slider flying heights. With maximum peaks more likely to v . *u" u- * • * *j r i 

* j - 7 , c ... *i_ t. Yet another object is to provide a process for selecting a 

protrude into a normal range of slider operation, the prob- . ^ 5 , . . . , r 

ability of unintended and damaging slider/disk contact a b f et * een « , ma S netlc t ™? du « r ^ an ^"earing 

J ™ . . c . c *Z a- surface of the shder carrying the transducer, to achieve 

increases. The risk of damage from these discontinuities is u * *• i * L * * ■ , . . 

^ . ... fl . u • u* substantial uniformity in transducer flying heights among 

greater at lower slider flying heights. u . , ... A -* • * *t? j* 

^ multiple shders, despite a variance in the corresponding 

Thermal effects also are exaggerated by minute slider slider flying heights, 
flying heights. Thermal effects include the natural tendency 

of materials to expand when heated, quantified by a tern- 65 SUMMARY OF THE INVENTION 

perature coefficient of thermal expansion more conveniently To achieve the above and other objects, there is provided 

called a thermal expansion coefficient. Materials with higher an air bearing slider. The slider includes a slider body having 
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an air bearing surface for aerodynamicaUy supporting the or turbulence in the air bearing. Changes in ambient tem- 
slider body in an operating position in which the air bearing perature can be taken into account by sensing the tempera- 
surface is spaced apart from a data surface of a magnetic ture and controlling the transducer position in response to 
data reading and recording medium, by a nominal flying the temperature readings. The result is a slider flying height 
height. A magnetic transducer is supported with respect to 5 sufficiently large to ensure stability, in combination with a 
the slider body near the air bearing surface, for movement transducer flying height reduced to allow higher data storage 
toward and away from the air bearing surface in response to densities, 
changes in an operating temperature of the slider body 

proximate the transducer. A transducer spacing control IN THE DRAWINGS 

means is Provided for controlling the operating temperature 10 For a fwthf}[ iation of ^ above , and other featurcs 

when the slider body is in the operating position. This and advanta ge S , reference is made to the following detailed 

ad^stsaposmonofthetransducerrelauvetotheairbearing descri tio „ and t0 tne ^ in whkh: 

surface, thereby to adjust a separation distance between the m * ^ . . . 

transducer and the data surface independently of the nominal mG ' 1 15 a P 8 ^ thematic view of a magnetic data 

flying height 15 readm S anc * recording device constructed in accordance with 

" , , ... the present invention; 
In one preferred approach, the control means include a 

resistance heating element mounted to the slider body. This mG - 2 iS a P^ 1 schematic elevation of the device; 

element is advantageously used in connection with a trans- FIG. 3 is an enlarged view showing a transducing region 

ducer incorporated within a transducing region substantially of a magnetic head slider of the device; 

encapsulated in the slider body. The slider body and trans- 20 FIG. 4 is an enlarged view similar to FIG. 3, showing the 

ducing region have different thermal expansion coefficients transducing region at an elevated temperature; 

whereby the position of the transducer is determined prima- FIGS. 5 and 6 are three dimensional traces of the trans- 

rily by the differences in expansion, as the slider is heated. ducing region; 

In another preferred approach, the heating element is piG. 6A is a bottom view of the slider illustrating the 

composed of a thermally expansive and electrically conduc- reg i on f rom wlucn me ^ t 

tive material mounted to the slider body near the transducer nG ? - s a chart iUustrati chan in le tf recession 

to provide a thermal expansion region with a higher therm* ^ ch - n sUder t ature; 

expansion coefficient than the slider body. The material T , 

thermally expands when subject to a bias current and RG. 8 is a chart illustraUng the change in acousUc signals 

elastically expands adjacent material, thus to play a direct 30 a ; > a Askis accelerated from stop, for several different levels 

role in determining transducer position. of current a PP hed t0 * c sUder; 

In connection with either approach, a temperature sensing . nGS - . 9 and . 10 m charts Wustrating a temperature 

means can be used to determine the slider body temperature, increase in the sh f r accompanying increases in current and 

and provide values based on temperature to the variable 35 P ower * respectively, 

current source that adjusts the operating temperature. This FIGS. 11 and 12 are charts illustrating slider temperature 

provides servo control and facilitates responding to changes changes in response to cyclical variations in the applied 

in the ambient temperature of the reading and recording current; 

apparatus. FIG. 13 is a chart illustrating the timing of a temperature 

Thus, another aspect of the present invention is a mag- 40 change responsive to an abrupt change in applied current; 

netic data reading and recording apparatus that includes a and 

magnetic data transducing slider with a slider body having FIGS. 14 and 15 illustrate an alternative embodiment 

an air bearing surface, and a transducer mounted with magnetic transducing slider, before and after an operating 

respect to the slider near the air bearing surface for move- temperature increase, 
ment toward and away from the air bearing surface. A slider 45 

support means aerodynamically supports the slider body DETAILED DESCRIPTION OF THE 

proximate a data surface of a magnetic data reading and PREFERRED EMBODIMENTS 

recording medium with the air bearing surface spaced apart Turning now to the drawings, FIGS. 1 and 2 illustrate part 

from the data surface by a nominal distance. A temperature of a device 16 for recording and reading magnetic data, 

sensing means is provided for sensing an operating tern- 50 including a magnetic disk 18 rotatable about a spindle axis, 

perature of the slider body and generating temperature The disk has a substantially planar data surface 20, i.e. a 

values based on the operating temperature. A transducer horizontal upper surface. A rotary actuator (not shown) 

positioning means is operably coupled to the sensing means supports and pivots a cantilevered transducer support arm 

for controlling a position of the transducer with respect to 22. A magnetic data transducing head or slider 24 is mounted 

the air bearing surface responsive to the temperature values. 55 to the free end of support arm 22, through a suspension 26. 

Thus in accordance with the present invention, the flying This permits a gimballing action of the slider, i.e. limited 

height of a magnetic transducer can be controlled indepen- vertical travel and rotation about pitch and roll axes. The arm 

dently of a flying height of the slider body to which the pivots to move slider 24 in an arcuate path, generally 

transducer is mounted. This affords a means for fine tuning radially with respect to disk 18 as indicated generally at 28. 

the transducer position, and permits maintenance of a low 60 At its center, disk 18 has an opening to accommodate a 

transducer flying height, e.g. from a fraction of a microinch shaft 30 of a disk drive spindle operable to rotate the disk 

to about 2 microinches, while simultaneously maintaining counterclockwise as indicated at 32. Rotation of the disk and 

the slider body at a more distant minimum spacing or flying pivoting of arm 22 are controlled in concert to selectively 

height, e.g. 3-10 microinches. Accordingly the advantages position transducing slider 24 at desired locations along data 

of a reduced transducer flying height are achieved without 65 surface 20 for reading and recording operations. During such 

unduly exposing the slider to damage arising from disk operations there is no slider/disk contact. Rather, air near 

roughness, tolerances in the slider or its supporting structure. data surface 20 travels with the rotating disk due to friction. 
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and flows between data surface 20 and slider 24 to form an is distinct from servo transducer positioning control 

air bearing or cushion that supports the slider spaced apart circuitry, which is not shown. As indicated by an external 

from the data surface. input 56. control circuit 54 is programmable to provide a 

As is known in the art. slider 24 is formed with an air se j ecte <| level of P owe ^° * c sl * er to heat A f f der *° a 

bearing surface 34 which, when counterbalanced by a down- 5. selected temperature. The control circuit includes a dc. 

, i * , i* j £„ *>a *u u ' . • power source 58 for providing an electrical current to a 

ward load on the slider from arm 24 through suspension 26 P tQ ^ 38 

maintains the s ider at a substantially ^cons ant distance Jhe h can be at a vafi ^ Qf 

above surface 20. known as a; flying height . The slider locations , p referab i y ne ar transducing region 46 and in a 

flying height, designated h„ in FIG. 3, is substantially manner ^ its influe nce on the aerodynamic 

constant over the normal range of disk rotational speed w ^ of the slider Heat is genera ted in an amount that 

duringreadingandrecording.DeceleraUonofdisklScauses varleg ^ ^ heatiflg element 60 . Power 

slider 24 to come to rest on the disk. source 58 [$ adjustable to vary the amount of current through 

To achieve low slider flying heights, data surface 20 the nea ting element and thus vary the amount of heat 

preferably is extremely smooth. However, slider contact generated. 

with extremely smooth media surfaces can cause friction 15 A sensor 62 e g a thermocoU p le , is mounted to arm 22 

and dynamic stiction. Accordingly, disk 20 includes an neaf sljder 24 The sensof provides its output t0 a sensing 

annular slider contact zone 36 at the radially inward edge of ckcu[t M (nG ]} The sensing cifcuit in mn generates 

data surface 20. The contact zone is textunzed, i.e. rough- t e mper ature values based on sensed temperatures and pro- 

ened to enhance its resistance to stiction and friction. ^ yides the temperature values to control circuit 56. 

When disk 18 is decelerated after a reading or recording Accordingly, the control circuit governs heat generation 

operation, arm 22 is pivoted to position slider 24 adjacent based on preprogrammed inputs, and also can adjust the 

contact zone 36, so that when the slider comes to rest it amount or heating in response to sensed temperatures, 

engages the contact zone rather than surface 20. Likewise, to nG 3 snows ^^1^ region 46 in greater detail, 

initiate operations disk 18 is accelerated to a degree suffi- ^ Magnetic transducer 48 includes pole regions 66 and 68 

cient to establish aerodynamic support of the slider before forme d of a magnetic material, e.g. permalloy (NiFe). 

the slider is moved radially away frcm the contact zone. TaCoPt. or FeAISi, and having pole tips 70 and 72, respec- 

Thus, in normal usage slider 24 contacts the disk only along tivdy Conductive windings 74. preferably copper, are dis- 

contact zone 36. posed between the pole regions. A photoresist 76, e.g. a 

As noted above, improved designs have enabled reduction 3Q polymer, occupies the space between the pole regions, 
in slider flying heights from about 10 microinches to just securing the windings and determining a gap 78 between the 
under 4 microinches. Dedicated slider contact zones allow p 0 i e regions at the pole tips. The pole regions and interme- 
smoother data surfaces and are expected to allow further ^ate layers of the transducer are encapsulated in the amor- 
reductions, perhaps to a range of 1.5-2 microinches. At the phous aluminum oxide 50. At an ambient temperature, 
same time, data surface roughness, tolerances in slider 35 transducing slider 24 exhibits pole tip recession, i.e. the 
fabrication and in slider support structure manufacture and transducer flying height is greater than the slider flying 
assembly, and unpredictable air bearing disturbances, all height by the amount "d". 

present more serious difficulties as slider-to-disk spacing is nG 4 illustrates the transducing region with slider 24 at 
diiriinished. Also, the normal expansion and contraction of an elevated temperature. The slider body ceramic and amor- 
components due to changes in temperature have a more ^ phous ai um ina have similar thermal expansion coefficients, 
pronounced impact at lower slider flying heights. The transducer, primarily because of the photoresist 

Accordingly, slider 24 incorporates structure for support- material, has a higher thermal expansion coefficient than the 

ing a transducer for movement toward and away from air remainder of the slider. Consequently, when heated, pole tips 

bearing surface 34. Further, device 16 incorporates control 70 and 72 are displaced downwardly relative to air bearing 

circuitry for displacing the transducer away from surface 34 45 surface 34. Displacement of the pole tips occurs primarily 

toward data surface 20. reducing the transducer/disk spacing due to expansion of the transducer, and more precisely 

(i.e. a transducer flying height h, in FIG. 4) without reducing because the transducer expansion rate exceeds that of the 

the slider flying height. surrounding slider body. As transducer 46 thermally 

With reference to FIG. 2, transducing slider 24 includes a expands, it tends to elastically expand the adjacent alu mi- 
slider body 38 formed primarily of a ceramic material, e.g. 50 num oxide. The aluminum oxide at the same time tends to 
a combination of alumina (aluminum oxide, A1 2 0 3 ) and elastically deform (compress) the transducer. Thus, pole tip 
titanium carbide (TiC), a substantially crystalline structure. displacement is a product of elastic deformation as well as 
At its leading edge 40, slider body 38 is beveled as indicated thermal expansion. The entire displacement can be consid- 
at 42. Near a trailing edge 44 is a transducing region 46 of ered as "thermally induced". 

the slider, including a magnetic transducer 48 substantially 55 FIGS. 5 and 6 are three dimensional (Wyko Topo-3D) 

encapsulated in amorphous aluminum oxide 50 but with an plots of the pole region of a slider substantially identical to 

exposed pole tip region 52. The distance between pole tip transducing slider 24. The slider was inverted to create the 

region 52 and surface 20 is a transducer flying height. Due traces, so that the protrusion of pole tips at an elevated 

to differences in materials, particularly as to their thermal temperature appears as an upward extension. The traces in 

expansion properties, transducing region 46 and slider body 60 FIG. 5, taken at 20 degrees C, show virtually no protrusion. 

38 expand at different rates in response to a given tempera- By contrast, the traces in FIG. 6, taken at temperatures in the 

ture increase. Consequently, heating slider 24 displaces pole range of 100-150 degrees C, show substantial upward 

tip region 52 relative to air bearing surface 34, which can be protrusion of the pole region. The bottom plan view of the 

thought of as a reference surface of the aerodynamically slider in FIG. 6A points out the area from which the pole 

positioned and oriented slider. 65 region traces are taken, i.e. along one of two parallel skis 77 

Returning to FIG. 1 , device 16 includes a control circuit and 79, more particularly at the trailing edge region 81 of ski 

54 for heating slider 24 a desired amount. Control circuit 54 79. 
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FIG. 7 is a chart with curves 80, 82, 84 and 86 illustrating 
thermally induced pole tip displacement in connection with 
four different transducing sliders. The zero on the vertical 
scale (microinches) signifies equality of the transducer and 
slider flying heights. Values below zero indicate pole tip 5 
recession. In all cases, heating the slider reduces pole tip 
recession. In three of the four cases, heating was sufficient 
to cause a pole tip protrusion with respect to the air bearing 
surface, with transitions (i.e. zero crossings) occurring over 
a range of about 32-80 degrees C Curve 86 is associated 10 
with a servo transducing slider. Structural differences as 
compared to the other transducing sliders contribute to the 
more pronounced pole tip recession, although natural varia- 
tion in samples also is a factor. 

It is to be appreciated that in spite of the temperature 15 
changes, the slider flying height tends to remain essentially 
constant. Accordingly, a displacement in pole tips 70 and 72 
measured with reference to air bearing surface 34, and the 
corresponding reduction in transducer flying height are 
essentially the same. 20 

In connection with FIG. 8. a magnetic disk similar to disk 
18 was accelerated from a stop with a transducing slider 
similar to slider 24 at rest on the disk, with the slider in each 
case eventually disengaging from the disk and becoming 
aerodynamically supported. The vertical scale represents 
acoustic energy output in volts, as sensed by a transducer on 
the slider. The horizontal scale represents rotational velocity 
in revolutions per minute. 

Several traces represent different levels of current sup- 3Q 
plied to the slider and therefore represent different levels of 
slider heating. Trace 88 represents the absence of heating, 
i.e. no current applied to the resistance heating element. 
Traces 90, 92, 94. 96 and 98 represent current to the heating 
element of 20 mA. 30 mA, 40 mA. 50 mA and 60 mA. Each 
trace shows an increase in acoustic noise as the disk begins 
to accelerate. The noise peaks and descends, eventually 
returning to about zero to signify that the transducer has 
disengaged from the disk surface. 

The unheated slider (trace 88) breaks free at the lowest ^ 
velocity, i.e. about 2000 rpm. Traces 90-98 show that as the 
slider is maintained at higher temperatures, corresponding to 
the increased current levels, the return to an acoustic output 
of about zero occurs at increasingly greater disk velocities. 
Thus, the traces in FIG. 8 confirm the existence of pole tip 45 
protrusion in response to heating and further confirm that the 
amount of protrusion increases with slider temperature. 

In FIG. 8. the acoustical noise output is a function of 
contact of a transducer with the surface of the disk, which is 
influenced by roughness of the surface as well as the degree 50 
of transducer pole tip protrusion. Thus, in connection with 
magnetic disks that include contact zones such as zone 36, 
the results suggest that heating of the slider should be 
delayed until arm 22 has carried the slider radially away 
from the contact zone, so that the pole tips remain recessed 55 
until the slider is positioned over the much smoother data 
surface. 

FIGS. 9 and 10 illustrate the efficacy of generating current 
to heat aerodynamically supported transducing sliders. 
Curve 100 is a plot of slider temperature as a function of 60 
current through the slider resistance heating element, with 
' the slider aerodynamically supported, i.e. free of the disk. 
Curve 102 likewise shows the slider aerodynamically 
supported, but maintained at a much closer spacing from the 
disk, i.e. in the sub 10 nm range. Curve 102 represents 65 
episodes of slider support at different speeds: 500 rpm, 3000 
rpm and 5400 rpm. Thus, curve 102 demonstrates that heat 
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losses from the slider are essentially constant over the range 
of velocities tested. A comparison of curves 100 and 102 
demonstrates a considerably enhanced heating efficiency 
when the slider is relatively free of the disk. 

FIG. 10 is a plot of slider temperature as a function of 
power (rather than amperage) to the resistance heater. A 
curve 104 representing an aerodynamically supported slider, 
and a curve 106 representing the slider, again at a much 
closer spacing from the disk at several velocities, confirm 
the result shown in FIG. 9, and demonstrate a linear rela- 
tionship between increases in temperature and power, par- 
ticularly above about 50 degrees C. 

FIGS. 11 and 12 are plots of slider temperature as a 
function of applied current when applied current is cycli- 
cally varied. More particularly, in FIG. 11 the applied 
current is varied sinusoidally at aL frequency of 1 Hz. 
Portions of the curve relating to increases in current and 
decreases in current substantially overlap, indicating the 
temperature tracks current closely. 

In FIG. 12, the sEinusoidally varying current is based on 
a frequency of 100 Hz. The curve includes readily distin- 
guishable upper and lower portions 108 and 110 correspond- 
ing to an amperage increase and an amperage reduction, 
respectively. The hysteresis loop at 100 Hz shows that a 
steady state is not attained at the higher frequency. 

FIG. 13 illustrates the application of current as a square 
wave at about 45 mA as indicated at 112. A plot 114 shows 
the temperature increase caused by the increased amplitude. 
While there is a slight lag in the temperature response, the 
temperature reaches its steady state of about 45 degrees C. 
within about 3 ms, and achieves about 80% of its change to 
the steady state level withiLn about 1 ms. For a disk rotating 
at 5400 rpm, a single revolution requires about 12 ms. Thus 
the target temperature is achieved within about one-fourth of 
a revolution. Even at substantially greater speeds, e.g. 
10,000 rpm, the lag-time remains less than one-half of a disk 
revolution. With smaller slider designs there is a potential to 
further reduce lag time. 

FIGS. 14 and 15 illustrate an alternative transducing 
slider 116 including a ceramic slider body 118 and a trans- 
ducing region 120 along the trailing edge of the transducer. 
A transducer 122 is substantially embedded within amor- 
phous aluminum oxide 124. with pole tips 126 and 128 
exposed in the same manner as with transducing slider 24. 
A resistance heater 130, in the form of a strip, is embedded 
within the slider just ahead of the transducer and forms a 
border between transducing region 120 and the remainder of 
the slider, at least across the ski on which the transducing 
region is formed. As before, heating element 130 is coupled 
to a variable power source that varies the amount of heat 
generated by varying the electrical current through the 
heating element. A temperature sensor 132 is shown 
mounted to the top of slider 116 as a matter of convenience. 
The sensor could readily be mounted to a slider support arm 
or elsewhere, the primary requirement being a location near 
the slider. 

Heating element 130 preferably is formed of a material 
with a high temperature coefficient of thermal expansion, 
e.g. aluminum or copper. Alternatively, known photoresist 
materials having high thermal expansion coefficients and 
high moduli of elasticity can be employed. In either event, 
heating element 130 provides the necessary increase in 
temperature and also plays a direct role in pole tip displace- 
ment. In particular, heating element 130 expands in its own 
right as it provides heat to expand the adjacent materials. 
Heating element 130 cooperates with transducer 122 to 
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elastically expand the adjacent slider material, i.e. the alu- individually, enabling reading and recording operations over 

minum oxide. Thus, heating element expansion augments a narrow range of transducer flying heights, despite a broad 

transducer expansion in more effectively displacing the pole range of corresponding slider flying heights, 

tips. It is to be appreciated that the slider heating is localized 

While FIG. 7 indicates a transducing tip region displace- 5 to the region of the transducer. It requires very little energy, 

ment of about 0.01 microinches per degree C. a slider can e.g. about 20-70 mA of current and about 50-200 milliwatts 

be fabricated with considerably enhanced temperature of power, with the precise requirements based on the slider 

sensitivity. e.g. about 0.03 microinches per degree C. design. Power requirements also are occasional and of short 

The following example illustrates how temperature con- duraUon - since reading and recording operations typically 
trol of thermally responsive magnetic transducing sliders 10 require a small fraction of total dnveoperaung time. FinaUy. 
can be used in environments that demand a narrow range of ! he ,ocallzed heatul 8 F^ents no risk of damage to surround- 
transducer flying heights, even though the sliders may mg components, nor does it have an impact on the tempera- 
exhibit a broad range of slider flying heights. For this ture ranges under which the drive can be efficiently used, 
example, assume the design slider flying height is 2.9 Operating the drive at other than ambient temperatures 
microinches. A fabricated batch of sliders yields a mean 15 requires an adjustment in the amount of heaUng required for 
flying height equal to the desired value, with a standard a ttansducer displacement. Given an example identical to the 
deviation of 0.2 microinches. for "3 O maximum and mini- above except that the disk dnve is expected to operate at 
mum flying heights of 3.5 microinches and 2.3 microinches. about 5 de &* s C ; ' ather ^ 20 de & ets <~ " cnan S e m 
Further, assume that the transducing sliders exhibit neither temperature Af of 95 degrees rather than 80 degrees is 
pole tip recession nor pole tip protrusion at ambient tern- 20 t0 * e deMie ? °P eratin g temperature of 
perature (20 degrees C). and that intended use is at ambient 100 de e ees C Conversely, if expected disk operating 
t ature temperatures are about 55 degrees C, the required change in 

" ... temperature is only about 45 degrees C. In each of these 

The change in temperature necessary to achieve the cases t ature sensor 62 (or 132) can be used to ide 

desired transducer displacement can be determined accord- 25 temperature value inputs to &c control circuit 

ing to the equation: Finally, consider an example identical to the first above 

A/=Afc/r except that the sliders have a 0.1 microinch pole tip reces- 
sion at ambient temperature. Then, a transducing slider with 

where Ah=h,-h r (slider flying height minus desired trans- the mean slider flying height of 2.9 microinches, when 

ducer flying height); and s is the temperature sensitivity, i.e. 30 heated to 100 degrees C, would yield a transducer flying 

0.03 microinches/degree C. For a slider with a flying height height of 0.6 microinches, and of course would yield the 

h s of 2.9 microinches and a desired transducer flying height desired 0.5 microinches upon a temperature increase to 

h, of 0.5 microinches, the above formula yields a need to about 103 degrees C. 

change the temperature by 80 degrees. The appropriate The ability to thermally displace the transducer, i.e. cause 

slider operating temperature is 100 degrees C, i.e. ambient 35 the pole tips to protrude toward the data recording surface 

plus 80 degrees C. relative to an air bearing surface or other reference surface. 

Further applying the above formula, a slider having a yields several advantages. First, in magnetic media having 

flying height at the upper end of the range (3.5 microinches) contact zones, such zones can be textured to a roughness 

would be heated to an operating temperature of 120 degrees much greater than a designed transducer flying height, yet 

C, while a slider with a flying height at the lower end of the 40 less than the corresponding slider flying height. Slider 

range would be heated to a temperature of only 80 degrees temperatures can be controlled to cause the pole tips to 

C. protrude only when the slider is adjacent the much smoother 

Of course, the actual slider flying height is determined data surface. There is no need to reduce contact zone 

before finding the appropriate operating temperature. roughness to accommodate the lower transducer flying 

Accordingly, each transducing slider is tested to determine 45 height, and thus risk an increase in stiction and dynamic 

its flying height. The slider can be tested following mounting friction. Secondly, the difference in slider and transducer 

to its support arm and suspension, on testing equipment flying heights enables a higher slider flying height during a 

known to those in the art. Alternatively, the transducing "sleep" mode irn which the slider is in an idled state over the 

slider can be tested in situ in the assembled disk drive. In moving medium, neither recording nor reading data. The 

either case, slider flying height is determined by monitoring 50 transition from a read/record mode to the sleep mode is 

signals generated by the transducer, for example to measure accomplished by reducing slider operating temperature to 

high frequency amplitude or pulse widths at one-half of peak retract the pole tips, with virtually no change in the slider 

amplitudes, or by overwrite optimization. This actually flying height Reliability is enhanced because of the higher 

measures transducer flying height, although in this example slider flying height. 

transducer flying height and slider flying height are the same 55 The temperature responsive slider also affords fabrication 

at ambient temperature. and performance advantages as compared to the prior piezo- 

Upon measuring the individual slider flying height, the electric electric approaches. Fabrication of temperature 
appropriate slider operating temperature is determined, responsive sliders involves less complexity and expense, 
either according to the above formula or by heating the slider Temperature controlled transducer displacements do not 
during further in situ testing. In either event, a value repre- 60 require the high activation voltages characteristic of piezo- 
senting the selected operating temperature, or the selected electric designs. Moreover, the substantially linear relation- 
difference in temperature (amount of heating), is stored to a ships of displacements to temperature changes, and tem- 
memory in control circuit 54 via external input 56. This sets perature changes to applied power (or square of the applied 
the control circuit to heat the slider to the predetermined current), afford precise control of position adjustments, 
temperature during reading and recording operations. 65 The addition of temperature sensing proximate the slider 

Thus, an appropriate operating temperature or amount of provides virtually instantaneous sensing of transducer posi- 

heating is predetermined with respect to each slider tion. It also provides a means for determining the transducer 



5,991, 

11 

position without generating signals using the transducer. 
Thus, the transducer position can be sensed when the slider 
is positioned over a contact zone or any other media surface 
area that does not incorporate magnetic data. 

Further in accordance with the present invention, the 5 
transducing element and its immediate region in a magneto- 
resistive (MR) head likewise can be selectively heated for a 
controlled, thermally induced displacement relative to the 
remainder of the head. Preferably heat is generated through 
a separate resistance heating element mounted to the head 10 
near the transducing element. As an alternative approach, a 
bias could be applied to the transducing element. This 
alternative is not as preferred, however, because higher bias 
levels may cause electro-migration in the transducing 
element, and higher bias currents may affect transducing 15 
head sensitivity. 

Thus in accordance with the present invention, a trans- 
ducing slider incorporates a transducing region with a ther- 
mal expansion coefficient different than that of the surround- 
ing material, so that pole tip displacement relative to the 20 
slider body can be thermally controlled. A:n operating 
temperature of the slider can be set to achieve a predeter- 
mined amount of pole tip protrusion, establishing a trans- 
ducer flying height much closer than the flying height of the 
slider. Higher data storage densities due to lower transducer 25 
flying heights are realized without the problems associated 
with reduced slider flying heights. A temperature control 
circuit is variable to set the slider operating temperatures 
over a range sufficient to compensate for the normal varia- 
tions in slider flying heights typical of batch fabricated 30 
sliders, for substantial improvements in yield. Further 
advantages arise from incorporating a slider temperature 
sensing means, including using such means to confirm in 
situ transducer position adjustments and to determine trans- 
ducer flying height without measuring signals generated by 35 
the transducer. 

What is claimed is: 

1. An air bearing slider including: 

a slider body having an air bearing surface for aerody- 
namically supporting the slider body in an operating 40 
position in which the air bearing surface is spaced apart 
from a data surface of a magnetic data reading and 
recording medium by a nominal flying height; 

a magnetic transducer supported with respect to the slider 
body near the air bearing surface, for movement toward 45 
and away from the air bearing surface in response to 
changes in an operating temperature of the slider body 
proximate the transducer; and 

a transducer spacing controller for controlling the oper- 5Q 
ating temperature when the slider body is in the oper- 
ating position, to adjust a position of the transducer 
relative to the air bearing surface, thereby to determine 
a separation distance between the transducer and the 
data surface independently of the nominal flying 55 
height. 

2. The slider of claim 1 wherein: 

said controller includes a resistance heating element 
mounted to the slider body. 

3. The slider of claim 2 wherein: ^ 
said transducer is incorporated within a transducing 

region of the slider having a first thermal expansion 
coefficient, said slider body is formed of a second 
material having a second thermal expansion coefficient 
less than said first thermal expansion coefficient, and 65 
the displacement of said transducer is caused by ther- 
mal expansion of the transducing region and the slider 
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body at respective and different rates in response to a 
given increase in temperature. 

4. The slider of claim 1 further including: 

a thermally expansive material mounted to the slider body 
proximate the transducer and forming a thermal expan- 
sion region having a higher thermal expansion coeffi- 
cient than the slider body, and means for applying a 
bias current to the thermally expansive material, to heat 
the thermally expansive material and thereby cause the 
thermally expansive region and adjacent portions of the 
slider body to expand. 

5. The slider of claim 4 wherein: 

the transducer is mounted proximate a trailing edge of the 
slider body, and the thermally expansive region com- 
prises a strip of the thermally expansive material sub- 
stantially encapsulated within the slider body forwardly 
of the transducer. 

6. The slider of claim 1 wherein: 

the controller comprises a heating element for generating 
heat in amounts that vary with an electrical current 
through the heating element, and a variable current 
source electrically coupled to the heating element. 

7. The slider of claim 6 further including: 

a temperature sensing means for sensing said operating 
temperature and providing a sensing input to the vari- 
able current source based on said operating tempera- 
ture. 

8. A magnetic data reading and recording apparatus, 
including: 

a magnetic transducing slider having an air bearing 
surface, and a transducer positioned near the air bearing 
surface, and mounted for movement toward and away 
from the air bearing surface; 

a slider support means for aerodynamically supporting the 
slider proximate a data surface of a magnetic data 
reading and recording medium wiLth the air bearing 
surface confronting the data surface and spaced apart 
from the data surface by a nominal distance; 

a temperature sensing means for sensing an operating 
temperature of the slider and generating a sensor output 
based on the operating temperature; and 

a transducer positioning means, operably coupled to the 
sensing means, for controlling a position of the trans- 
ducer with respect to the air bearing surface responsive 
to the sensor output. 

9. The apparatus of claim 8 wherein: 

said transducer positioning means includes a heating 
element mounted to the slider for generating heat to 
displace the transducer relative to the air bearing sur- 
face by thermally induced expansion. 

10. The apparatus of claim 9 wherein: 

said slider has a slider body with a first coefficient of 
thermal expansion, and said transducer is disposed 
within a transducing region substantially encapsulated 
within the slider body and having a second thermal 
expansion coefficient greater than the first thermal 
expansion coefficient. 

11. The apparatus of claim 10 wherein: 

said transducer is mounted to the slider body near a 
trailing edge thereof, and said heating element com- 
prises an electrically conductive resistance heating ele- 
ment at least partially encapsulated within the slider 
body proximate the transducer. 

12. The apparatus of claim 11 wherein: 

said control means comprises a variable current source 
electrically coupled to the resistance heating element. 
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13. In a magnetic data reading and recording apparatus 
including means for aerodynamically supporting a magnetic 
transducing slider in spaced apart relation to a data surface 
of a magnetic data reading and recording medium, a process 
for determining a transducer spacing, including: 5 

supporting a magnetic transducing slider aerodynamically 
in spaced apart relation to a data surface of a magnetic 
data reading and recording medium, with an air bearing 
surface of the slider confronting the data surface and 
spaced apart from the data surface by a nominal dis- io 
tance; 

while so supporting the slider, measuring a transducer 
spacing between a transducer supported by the slider 
and the data surface; 

comparing the measured transducer spacing with a 15 
desired transducer spacing; and 

responsive to a difference between the measured trans- 
ducer spacing and the desired transducer spacing, 
changing an operating temperature of the slider to 
change a distance between the transducer and the air 20 
bearing surface while maintaining the slider at said 
nominal spacing, thereby to displace the transducer 
toward the desired transducer spacing. 

14. The process of claim 13 wherein: 

said measuring of the transducer spacing includes mea- 25 

suring at least one of the following: 
a transducer signal amplitude, a pulse width, and an 

acoustic output. 

15. The process of claim 13 wherein: 
the magnetic transducing slider includes a slider body 

having a first thermal expansion coefficient, and a 
transducing region incorporating said transducer and 
having a second thermal expansive coefficient greater 
than the first thermal expansion coefficient; and 35 
wherein said changing of the operating temperature 
includes heating the slider at least at and near the 
transducing region to expand the transducing region 
and the slider body, with a difference in the rates at 
which the transducing region and slider body expand ^ 
increasing a distance by which the transducer protrudes 
away from the air bearing surface toward the reading 
and recording surface. 

16. The process of claim 13 wherein: 

said changing of the operating temperature includes pro- 45 
viding an electrical current to a resistive heating ele- 
ment mounted to the slider. 

17. The process of claim 13 further including: 
sensing said operating temperature, generating sensed 

temperature values based on the sensed operating 50 
temperature, and adjusting the operating temperature 
based on the sensed values. 

18. A process for adjusting a flying height of a transducer 
mounted to a magnetic head slider while aerodynamically 
supporting the slider with a reference surface of the slider 55 
spaced apart from a data recording surface by a nominal 
distance, including: 

aerodynamically supporting a magnetic transducing slider 
with respect to a data surface of a magnetic reading and 
recording medium with a reference surface of the slider 60 
spaced apart from the data surface by a nominal 
distance, and with a magnetic data transducer carried 
by the slider exposed to confront the data surface while 
being spaced apart from the data surface; 

sensing an operating temperature of the slider and gen- 65 
erating temperature values based on the sensed oper- 
ating temperature; and 



responsive to the temperature values, displacing the trans- 
ducer relative to the reference surface to control a 
transducer spacing between the transducer and the data 
surface. 

19. The process of claim 18 wherein: 

said displacing of the transducer relative to the reference 
surface is accomplished by heating the slider at least at 
a region thereof near the transducer. 

20. The process of claim 18 wherein: 

the slider includes a slider body with a first thermal 
expansion coefficient, and the transducer is mounted 
within a transducing region substantially encapsulated 
within the slider body and having a second thermal 
expansion coefficient greater than the first thermal 
expansion coefficient, and wherein the displacing of the 
transducer includes causing a thermally induced elastic 
deformation of the slider body and the transducing 
region. 

21. The process of claim 18 wherein: 

the displacing of the transducer includes providing a 
variable electrical current to a resistance heating ele- 
ment mounted to the slider. 

22. A magnetic data reading and recording apparatus 
including: 

a magnetic transducing slider including a slider body 
having a reference surface, and a transducer mounted 
with respect to the slider body near the reference 
surface for movement toward and away from the ref- 
erence surface responsive to changes in an operating 
temperature of the slider; 

a means for aerodynamically supporting the slider in an 
operating position with the reference surface spaced a 
nominal distance from a data surface of magnetic data 
reading and recording medium; and 

a transducer spacing control means operatively associated 
with the slider, for adjusting said operating temperature 
to displace the transducer with respect to the reference 
surface, thereby to adjust a spacing between the trans- 
ducer and the data surface independently of said nomi- 
nal distance. 

23. The apparatus of claim 22 wherein: 

said control means is operable in an active state in which 
the transducer protrudes from the reference surface 
toward the data surface for a data reading and recording 
mode, and a passive state in which the transducer is 
retracted toward the reference surface corresponding to 
mode other than data reading and recording. 

24. The apparatus of claim 22 further including: 

a sensing means for detecting the operating temperature 
and for generating temperature values based on the 
operating temperature, wherein the control means is 
operatively associated with the sensing means to 
receive the temperature values and adjust the operating 
temperature based on the temperature values. 

25. The apparatus of claim 22 wherein: 

said control means includes a resistance heating element 
mounted to the slider, and a variable electrical current 
source coupled to the heating element. 

26. The apparatus of claim 25 wherein: 

said heating element is formed of a material with a 
thermal expansion coefficient greater than a thermal 
expansion coefficient of the slider body, is embedded in 
the slider body proximate the transducer, and expands 
when heated to elastically deform the slider body and 
thereby displace the transducer. 
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27. The apparatus of claim 25 wherein: 

the slider includes a slider body having a first thermal 
expansion coefficient, and a transducing region adja- 
cent the slider body and having a second thermal 
expansion coefficient greater than the first thermal 5 
expansion coefficient; and 

said heating element generates heat to expand the trans- 
ducing region at a different rate than the slider body, 
thereby displacing the transducer. 

28. A process for establishing a transducer flying height 10 
for a magnetic transducer carried by an aerodynamic slider 
body in a magnetic data reading and recording apparatus, 
including: 

while maintaining a magnetic transducing slider aerody- 15 
namically supported over a moving magnetic recording 
medium, measuring a transducer flying height of a 
magnetic transducer carried by the slider while main- 
taining the slider at a first temperature, to obtain a first 
transducer flying height corresponding to the first tern- 2Q 
perature: 

comparing the first flying height to a predetermined 
desired flying height: 

while aerody namically supporting the slider, changing the 
temperature of the slider to a second temperature 25 
selected to change a distance between the magnetic 
transducer and a reference surface of the slider thereby 
to change the transducer flying height to a second flying 
height nearer to the predetermined desired flying 
height; and 30 

storing an indication of the second temperature to a 
memory in the data reading and recording apparatus, 
for use in cooperation with a temperature control means 
to maintain the slider temperature at said second tem- 
perature during data and reading recording operations. 35 

29. The process of claim 28 further including: 
sensing an ambient temperature of the reading and record- 
ing apparatus to generate an ambient temperature 
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reading, and providing the ambient temperature reading 
as an input to the temperature control means. 

30. The process of claim 28 wherein: 

said measuring of the first transducer flying height 
includes generating electrical signals with the trans- 
ducer and measuring at least one of the following 
features related to the electrical signals: signal 
amplitude, signal pulse width at 50 percent peak 
amplitude, and acoustic energy. 

31. The process of claim 28 wherein: 

the second transducer flying height is substantially equal 
to the predetermined desired flying height. 

32. An air bearing slider including: 

a slider body supportable aerodynamically relative to a 
magnetic data reading and recording medium in an 
operating position in which a reference surface of the 
slider body is spaced apart from a data surface of the 
magnetic data reading and recording medium by a 
nominal distance, said slider body including a trans- 
ducing region near the reference surface; 

a magnetic transducing means supported by the slider 
body at the transducing region and displaceable relative 
to the slider body toward and away from the reference 
surface in response to changes in an operating tem- 
perature of the slider near the transducing region; and 

a temperature control means for changing said operating 
temperature to displace the transducing means with 
respect to the reference surface, and thereby change a 
spacing between the transducer and the data surface 
without substantially altering the nominal distance. 

33. The air bearing slider of claim 32 wherein: 

said control means ircludes a heater disposed on the slider 
body proximate the transducing region, to increase the 
operating temperature and thereby so displace the 
transducer in a direction toward the data surface. 



